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ELEcTROMAGNETIC RADIATION FROM CoAL Rock
FAILURE IN UNDERGROUND COALMINES

BY DAazHAO SonG, Xueaiu HE, ENYuAN WANG, ZHENLE! L1, AND MiNG CAl

n recent years, many coalmines in China have

migrated to deep levels at a speed of 10 to 25 m per

year. Currently, 47 coal mines in China are mining

below 1000 m depth [1,2]. As the depth and the min-
ing rate increase, coupled with the complex geological
structures in some mining areas, the risk of coal rock
dynamic disasters, such as rockburst and coal and gas out-
burst, increases significantly. Exploring effective methods
to provide early warning of a coal rock dynamic disaster is
important, but also a challenging task.

Traditional methods of investigating coal rock dynamic
disasters include drilling bits, stress measurement, and
geophysical methods such as microseismic, acoustic
emission (AE), and electromagnetic radiation (EMR)
monitoring [3]. EMR monitoring is a new method devel-
oped in recent years. Research shows that fracturing of
solid materials like coal rock can emit EMR. It is seen
from theoretical simulations [4-6], lab experiments [7-9],
and field measurements [10-12] that small-scale fractur-
ing in coal rock is the source of EMR.

Frid et al. [13-15] considered that EMR is a very useful
method for predicting ejection hazards in coalmines.
Based on the electromagnetic (EM) pulses induced by
coal rock fracturing, they proposed EMR methods for
coal and gas outburst and rockburst prediction.
Rabinovitch et al. [6,16] and Frid et al. [10] presented an
EMR model showing that during crack propagation, the
surface vibration wave excited by ionic motion on both
sides of the crack walls causes dipole oscillations and

SUMMARY

Electromagnetic radiation (EMR) has been
noted to occur in conjunction with the defor-
mation and fracturing of coal on scales from
local failure to overall collapse. The EMR sig-
nals are recorded during coal rock deforma-
tion and fracturing. When monitored, these
signals can be used to qualitatively evaluate
the stress state of coal rock and become part
of the tool box used to estimate coal rock
dynamic disasters in underground coalmines.

thus emits EMR. In addition, they discussed the direc-
tionality of EMR from fractures. Some researchers [17,
18] investigated the mechanical behavior of concrete
and rock loaded to failure and analyzed AE and EMR.
The AE signals were always observed during the dam-
age process, whereas the magnetic signals increased
abruptly near the final collapse of the specimens.
Lichtenberger [19,20] measured EMR in a cross section
and along the long axis of a tunnel. From the correlation
of EMR and shear stresses, orientations and magnitudes
of the horizontal principal stresses were determined,
indicating that measuring EMR can be a valuable tool
for determining field stresses. Krumbholz et al. [12] pro-
posed an EMR method to determine stress orientations
within the crust in Northern Europe.

In this paper, we first analyze the rheology and mutation
phenomenon as well as the electromagnetic (EM) response
in the deformation and failure process of coal rock, fol-
lowed by several field applications of the EMR monitor-
ing method for rockburst warning. The prospect of the
EMR method for CCDD warning is also discussed.

RHEOLOGY AND MUTATION
PHENOMENON OF COAL ROCK DURING
DEFORMATION AND FRACTURING

Through experiments on hundreds of coal rock samples
from different mining areas with different pore gases, gas
pressures, and confining pressures, it is found that coal
rock containing gas is an elasto-plastic material with
strong rheological failure characteristics, and its mechani-
cal behavior is a dynamic rheological process related to
time, as shown in Fig. 1. From the figure, we can also find
that the applied stress, the adsorption property of pore gas,
and the pore pressure are positively correlated with this
rheology, and the adsorbed gas makes the coal rock
behave in a more rheological manner.

Based on the rheological mechanics theory and the experi-
mental results, a three-dimensional rheological constitu-
tive model of coal rock is established as follows:

G, - H, G, . H, . .
(T, —0 )+(I+—2+2)7T + =T =2G,S, +2H,5,.T >0, (1)
H, ' H, G, G, ‘
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Fig. 1

Rheological-mutation process of coal rock containing gas
under different loading conditions (4, is the axial pressure,
0, is the confining pressure, and P is the gas pressure).

where 7;/. is the effective deviatoric stress tensor, T” and TU are
the first and the second derivatives of the effective deviatoric
stress tensor over time, respectively, S[/_ and Sl,j are the first and
the second derivatives of the stress tensor over time, respectively,
G1 and G2 are shear moduli of coal rock, H2 and H3 are viscos-
ity coefficients of coal rock, o, is the equivalent effective yield
stress, and T, is the equivalent effective deviatoric stress tensor.

According to Eq. (1), we explain the rheological-mutation mecha-
nism of coal and gas outburst, revealing that the essence of gas out-
burst is a nonlinear rheological-mutation failure evolution process
of coal rock containing gas under the action of the four factors —
stress, gas pressure, mechanical properties of coal rock, and time.

This process can be spatially divided into three regions of theologi-
cal damage zones: relaxation, strong and weak rheological zones,
and temporally four phases: preparation, occurrence, development,
and ending phases. During the preparation phase, only the rheo-
logical destruction of coal rock containing gas in the three regions
is accelerating, and outburst can enter the occurrence phase and
eventually evolve into a disaster. Hence, it is important to find
a method to monitor continuously in real-time the rheological-
mutation process of coal rock in underground coalmines.

EMR EFFECT ON RHEOLOGICAL-MUTATION
PROCESS OF COAL ROCK CONTAINING GAS

Under the influence of stress and pore fluid (e.g., gas), coal rock
containing gas will deform and fracture, which in essence is the
initiation and propagation of microcracks. In this process, due to
piezoelectric effect, electrification, non-equilibrium stress diffu-
sion caused by charged defects (such as hole, linear dislocation,
edge dislocation), covalent bond breaking, EDA (electron donor
acceptor)-bond rupture, intermolecular force fluctuations, etc.,
charge on the microcrack wall separates, which can generate
EMR [21]. EM waves generated by mechanisms such as dipole
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Fig.2  EMR intensity and stress—time curve during uniaxial com-
pression of a coal specimen (EMR intensity shown in the
histogram is the accumulative value of various EM signal

bands in one second).

transient in stress-induced electric fields, variable motion of
separated charges with cracks expanding on the walls of the
microcrack edges, relaxation of separated charges on the crack
walls, are some forms of EMR [22-24].

Figure 2 shows a typical evolution of EMR of coal containing gas
during uniaxial compressive loading. From the initial loading to
150 s, pores and cracks are closed, causing deformation and
microcracking of the coal near the crack walls and EMRs are gen-
erated in the process. After the complete pore closure, as shown at
Point-a in Fig. 2, the stress—time relation shows roughly a linear
behavior as the load increases, indicating that under a relatively
small load, the coal specimen undergoes stable microcracking
and EM signals increase continuously at a relatively constant rate,
until the stress reaches about 60% of its peak. After Point-b in
Fig. 2, EM signals reduce for about 50 s, which may be attributed
to the complete failure of small structural units with lower
strength and insufficient failure of large structural units (the so-
called skeleton structures) with higher strength [25]. At this point,
the coal specimen is under a quasi-static equilibrium under the
applied stress; in other words, the external energy applied to the
specimen is fully absorbed or stored as the strain energy in
the skeleton structures. This leads to a reduced microcracking
of the coal, resulting in decreased EM emission. When the stress
continues to increase and reaches about 90% of the peak, the
above-mentioned equilibrium is broken; the skeleton strength is
not sufficient to resist the external stress, macrocracks undergo
fusion coalescence, resulting in the failure of the coal specimen
and emission of a large amount of EMRs.

Based on the above experimental data, constitutive relations of
coal rock represented by electromagnetic signal parameters in
one-dimensional and three-dimensional cases are established
according to the statistical damage theory, which are expressed as
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where o is the stress, £ is elastic modulus, ¢ is the strain, NV is the
number of EMR pulses, N, is the cumulative number of EMR
pulses when the specimen is completely destroyed.

m

It is seen from Eq. (2) that in the coal rock loading and destruction
process, statistically there is a positive correlation between EMR
and stress. The higher the applied stress is, the stronger are the
EM signals. As a result, EMR intensity, pulse numbers, and other
parameters can effectively reflect the stress state of coal rock.

EMR is a phenomenon of energy radiation in the process of rheo-
logical-mutation of coal rock, which can dynamically reflect the
deformation process of coal rock and thus can be used to provide
early warning of coal rock dynamic disasters in underground mines.

APPLICATION OF COAL ROCK EMR
MONITORING TO STRESS ASSESSMENT
AND ROCKBURST WARNING

Mining Area Stress State Assessment

The use of the EMR monitoring technology to assess the stress
state of a haulage roadway at the 11702 working face at
Nuodong coalmine in China is illustrated in Fig. 3(a). In the
strike direction, 10 monitoring points with an interval of 10 m

ELECTROMAGNETIC RADIATION FROM COAL ROCK FAILURE . . . (SONG ET 4L.)

were selected beginning from the working face. The EMR
monitor was installed at each testing point, with its antenna
oriented to the coal wall and fixed at a position of 1 m to the
floor and 0.5 m from the face wall. EM signals at each testing
point were monitored for 120 s. We repeated the test three
times every 24 hours . We also tested the drilling bits at a 20 m
depth with a diameter of 42 mm from the collar of the horizon-
tal boreholes.

In the dip direction, three 14 m long, 42 mm diameter boreholes
were drilled in front of the face at 110 m, 120 m, and 130 m
(Fig. 3(a) A, B, and C, respectively), and drilling bits of every
meter were tested. After the drilling bits test, EM signals were
monitored. The testing points were laid out every 1 m inwardly
along the borehole. Stress-induced EM signals at each point
were measured with the antenna probe from the inner to orifice
for 120 s.

Figures 3(b) and (c) show the typical EMR monitoring results.
As shown in Fig. 3(b), the average EMR intensity for the three
boreholes in the 0 to 8 m range shows an increasing trend, and
the maximum average signal intensity is observed at about 9 m,
and then gradually decreases after 10 m. The depth of loose
zone of the haulage roadway at the 11702 working face is about
7 m, and the stress concentration zone is in the range of 8 to
10 m. The assessment of the stress state using the EMR monitor-
ing method agrees well with that of the drilling bits method, a
traditional method of assessing stress in the field. Therefore,
when driving adjacent coal seam roadways and implementing
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Fig.3  Mining area stress state assessment by the EMR monitoring method at Nuodong coalmine: (a) measurement point
layout in the strike and dip directions of a working face; (b) average value of three boreholes of EM intensity and drill-
ing bits in the dip direction; (c) drilling bits and the average of EM intensity for three days in the strike direction.

106 « PHysics iIN CANADA [ VoL. 74, No. 3-4 (2018)



ELECTROMAGNETIC RADIATION FROM COAL RocK FAILURE . . . (SONG ET 4L.)

NS

B i UEROT [
A 3
) Ay f iy ) [ EC ! d
AT
¥ 2l .J.lmsﬂ“ l;‘.'&mi ‘ b,
May 19, 2011 May 21, 2011 May 23, 2011
Date

EMR intensity (mV)
EMR pulse number (x10°)

May 25, 2011

(d) 8.21 rockburst.

EMR intensity (mV)

“~
o

s e

£ 3

] g

c 3

[ c

= o

o 7]

£ 3

> Q

[ [
=
w

0
Jul. 23,2011 Jul. 25,2011 Jul. 27,2010 Jul. 29,2011
Date
Fig.4  Evolutions of EMR intensity and pulse number over four time

15
14 %
]
43 -g
b |
c
12 2
=
Q
| &
7 =
]

0 0

Jun. 9, 2011 Jun. 12, 2011 Jun. 15, 2011 Jun. 18, 2011
Date

250 s
L@ o
S 14 3
£ X
2 150 Ao 12
z c
z o {2 8
z 2
s0fF p 1 41 &
] w

L
0 : 0
Aug. 14,2011 Aug. 17, 2011 Aug. 20,2011 Aug. 23, 2011
Date
windows: (a) 5.25 rockburst; (b) 6.18 rockburst; (¢) 7.27 rockburst;

the nearby No.17 coal gob-side entry, the stress concentration
zones should be avoided; thus, reducing roadway support and
maintenance costs.

Figure 3(c), with the increase of the distance from the working
face, EMR intensity increases first then decreases. In the range
0f 20 to 40 m in the strike direction, the EMR intensity is higher
than the average, indicating that this area is the stress concentra-
tion zone caused by mining. The stress relief zone is about 10 m
from the wall of the working face, and the original stress zone is
50 m further from the wall of the working face. Therefore, the
influence range of the working face in the strike direction is
about 50 m. For safe mining at the 11702 working face, advanced
support for haulage roadways and return airways should be pro-
vided in the range of 0 to 60 m.

Monitoring and Warning of Rockburst using the EMR
Monitoring Method

Qiangiu Coalmine in Henan Province, China, has a long history
of dynamic hazards. Rockbursts at the 21141 face occurred fre-
quently from May to August in 2011. Among them, four events,
occurred that affected the coal production on May 25, June 18,
July 27, and August 21.

Figure 4 shows the evolutions of EMR intensities and pulse
numbers over time in the monitoring period. The times of the
four rockburst occurrences are also shown in the figure. It is
seen from the figure that before the rockburst occurrence, the

intensity and pulse number of the EMR signals increase for
more than five consecutive days and a good positive correlation
between the two parameters can be seen. Figure 4(a) shows a
gentle increase trend while Figs. 4(b) to (d) show fluctuations in
the monitoring data. The rockbursts did not occur at the time
when the maximum intensity and pulse number of EMR signals
were recorded, but rather delayed in a window within 48 h after
the EMR signals passed the peak and reached at a lower inten-
sity level.

Although a rockburst occurs suddenly, its development gener-
ally undergoes four stages including breeding, development,
initiation, and termination. In other words, before a coal
rock suddenly destabilizes, it will undergo a complex self-
organizing rheological-mutation process internally. This pro-
cess is always accompanied by the generation of a large amount
of fractures in the coal rock with associated emission of EMR
signals. Hence, monitoring of EMR can be used as a means of
providing warning of dynamic disasters such as rockburst in
underground mines. Due to complex geological and stress con-
ditions in underground mines, there is a large uncertainty in the
warning of rockburst using this method. Research is currently
conducted to study the patterns of EMR signals to increase the
confidence of providing warning of dynamic disasters.

CONCLUSIONS

The deformation and fracturing of coal rock is a rheological-
mutation process from local failure to overall collapse. EMR is a
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phenomenon of energy radiation accompanied with this deforma- ACKNOWLEDGEMENTS

tion process. EMR signals can be recorded during coal rock defor-
mation and fracturing. The monitored EMR data can be used to
qualitatively evaluate the stress state of coal rock and potentially
forecast coal rock dynamic disasters in underground coalmines.

This work is supported by the National Natural Science
Foundation of China (51774023, 51634001) and the
Fundamental Research Funds for the Central Universities
(FRF-TP-16-071A1).

REFERENCES

W N~

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

. Y. Jiang, Y. Zhao, W. Liu, and J. Zhu, Mechanism of Rock Burst Instability and Experimental Studies, Science Press, 2009.

. L. Dou, Z. Mu, A. Cao, S. Gong, H. He, and C. Lu, Rockburst Prevention and Control in Coal Mine, Science Press, 2017.

. X. He, L. Dou, Z. Mu, S. Gong, A. Cao, and J. He, “Contunuous monitoring and warning theory and technology of rock burst
dynamic disasters of coal”, Journal of China Coal Society, 39, 1485-1491 (2014).

. S.G. O’Keefe and S.V. Thiel, “A mechanism for the production of electromagnetic radiation during fracture of brittle materials”,
Physics of the Earth and Planetary Interiors, 89, 127-135 (1995).

. W. Chao, J. Xu, X. Zhao, and M. Wei, “Fractal characteristics and its application in electromagnetic radiation signals during fractur-
ing of coal or rock™, International Journal of Mining Science and Technology, 22, 255-258 (2012).

. A.Rabinovitch, V. Frid, and D. Bahat, “Directionality of electromagnetic radiation from fractures”, International Journal of Fracture,
204, 239-244 (2017).

. K. Fukui, S. Okubo, and T. Terashima, “Electromagnetic radiation from rock during uniaxial compression testing: the effects of rock
characteristics and test conditions”, Rock Mechanics and Rock Engineering, 38, 411-423 (2005).

. X. He, B. Nie, W. Chen, E. Wang, L. Dou, Y. Wang, and M. Hani, “Research progress on electromagnetic radiation in gas-containing
coal and rock fracture and its applications”, Safety Science, 50, 728-735 (2012).

. Y. Mori, Y. Obata, J. Pavelka, J. Sikula, and T. Lokajicek, “AE Kaiser effect and electromagnetic emission in the deformation of rock

sample”, Journal of Acoustic Emission, 22, 91-102 (2004).

V. Frid and K. Vozoff, “Electromagnetic radiation induced by mining rock failure”, International Journal of Coal Geology, 64, 57-65

(2005).

R.O. Greiling and H.J. Obermeyer, “Natural electromagnetic radiation (EMR) and its application in structural geology and neotec-

tonics”, Journal of the Geological Society of India, 75, 278-288 (2010).

. M. Krumbholz, M. Bock, S. Burchart, U. Kelka, and A. Volbrecht, “A critical discussion of the electromagnetic radiation (EMR)

method to determine stress orientations within the crust”, Solid Earth, 3, 401-414 (2012).

V. Frid, “Rockburst hazard forecast by electromagnetic radiation excited by rock fracture”, Rock Mechanics and Rock Engineering,

30, 229-236 (1997).

V. Frid, “Calculation of electromagnetic radiation criterion for rock burst hazard forecast in coal mines”, Pure and Applied Geophysics,

158, 931-944 (2001).

V. Frid, A. Rabinovitch, and D. Bahat, “Crack velocity measurement by induced electromagnetic radiation”, Physics Letters 4, 356,

160-163 (2006).

A. Rabinovitch, V. Frid, and D. Bahat, “Surface oscillations—a possible source of fracture induced electromagnetic radiation”,

Tectonophysics, 431, 15-21 (2007).

A. Carpinteri, G. Lacidogna, A. Manuello, G. Niccolini, A. Schiavi, and A. Agosto, “Mechanical and electromagnetic emissions

related to stress-induced cracks”, Experimental Techniques, 36, 53-64 (2012).

G. Lacidogna, A. Carpinteri, A. Manuello, G. Durin, A. Schiavi, G. Niccolini, and A. Agosto, “Acoustic and electromagnetic emis-

sions as precursor phenomena in failure processes”, Strain, 47, 144-152 (2011).

M. Lichtenberger, “Regional stress field as determined from electromagnetic radiation in a tunnel”, Journal of Structural Geology,

27,2150-2158 (2005).

M. Lichtenberger, “Underground measurements of electromagnetic radiation related to stress-induced fractures in the Odenwald

Mountains (Germany)”, Pure and Applied Geophysics, 163, 1661-1677 (2006).

X. He, E. Wang, B. Nie, M. Liu, and L. Zhang, Electromagnetic Dynamics of Coal Rock Rheology, Beijing: Science Press, 2003.

U. Nitsan, “Electromagnetic emission accompanying fracture of quartz-bearing rocks”, Geophysical Research Letters, 4, 333-336

1977).

A.A. Vorob’ev, V.N. Sal’nikov, and S.D. Zavertkin, “Recording of electromagnetic pulses in polymorphic transformations of quartz”,

Russian Physics Journal, 18, 1186-1188 (1975).

L. Wu and J. Wang, “Infrared radiation features of coal rocks under loading”, International Journal of Rock Mechanics and Mining

Sciences, 37, 879-88 (2000).

C. Zweben and B.W. Rosen, “A statistical theory of material strength with application to composite materials”, Journal of the

Mechanics and Physics of Solids, 18, 189-206 (1970).

108 « PHysics iNn CANADA [ VoL. 74, No. 3-4 (2018)



